ABSTRACT Western bean cutworm, Striacosta albicosta (Smith) (Lepidoptera: Noctuidae), is a native pest of dry beans (Phaseolus vulgaris L.) and corn (Zea mays L.). Historically, the western bean cutworm was distributed in the western United States, but since 1999 eastward expansion has been observed. In corn, economic impact is caused by larval ear feeding. Information on western bean cutworm biology, ecology, and economic impact is relatively limited, and the development of economic injury levels (EILs) and economic thresholds (ETs) is required for more effective management. Studies during 2008 Ð2011, across three ecoregions of Nebraska, sought to characterize western bean cutworm survival and development of EILs and ETs. Calculations of EILs and ETs incorporated the dynamics of corn price, management cost, and pest survival. The results from the current study demonstrated low larval survival of this species (1.51Ð12.82%). The mean yield loss from one western bean cutworm larva per plant was 945.52 kg/ha (15.08 bu/acre), based on 74,100 plants per ha. Economic thresholds are expressed as a percentage of plants with at least one egg mass. This study is the Þrst study that explicitly incorporates variable management costs and crop values into western bean cutworm EIL calculations, and larval survival into ET calculations.
. When the eggs hatch, the larvae feed on different corn tissues, and by the fourth instar, they colonize the ear where they feed on kernels (Appel et al. 1993 , Seymour et al. 2004 .
Information of western bean cutworm biology, ecology, and economic impact is relatively limited. Hagen (1962) reported ear injury from western bean cutworm ranging from 4 to 40%. Catangui and Berg (2006) reported 7.45-cm 2 ear injury per larva in several Bacillus thuringiensis (Bt) corn hybrids. Appel (1991) estimated yield loss based on the number and weight of injured kernels, and several nominal action thresholds for Þeld and sweet corn have been proposed (4, 8, and 20% of plants infested with an egg mass), roughly based on corn stage and price of the corn (Seymour et al. 2004 , Peairs 2006 , Rice 2007 , Cullen and Jyuotika 2008 . Because current thresholds are rudimentary, it is necessary to develop economic injury levels (EILs) and economic thresholds (ETs) for western bean cutworm based on more current understandings of pest injury and damage, dynamic costs of control and corn market values, and pest biology (Pedigo and Rice 2009 ). The EIL is the lowest density of the pest population that causes economic damage (Stern et al. 1959) . The ET represents the population level at which the pest needs to be managed to prevent the population from reaching the EIL (Stern et al. 1959 ). This parameter is usually set lower than the EIL (Pedigo and Rice 2009 ) and can be Mention of a proprietary product does not constitute an endorsement or a recommendation for its use by the universities associated with this research.
expressed for life stages of the pest before the damaging stage for which the EIL was determined.
Foliar insecticides are typically used to control western bean cutworm, and their efÞcacies are compromised after the larvae enter the ear. Thus, ETs expressed as the percentage of plants infested with egg masses (Appel et al. 1993 , Seymour et al. 2004 , PaulaMoraes et al. 2011 ) that also incorporate larval survival (Ostlie and Pedigo 1987, Barrigossi et al. 2003) would present an improvement in management decision making. The incorporation of the variability of larval survival under different environmental conditions would make it possible to more accurately estimate the resultant pest density.
Hence, the objectives of this study were to estimate egg and larval survival of western bean cutworm as measured across three major ecoregions (Level III) (Chapman et al. 2001) in Nebraska, to determine larval injury capacity, and to develop EILs and ETs that incorporate variable larval survival and varying corn prices and management costs.
Materials and Methods
Studies of western bean cutworm egg survival, larval survival, and larval corn consumption, and yield impact were conducted from 2008 to 2011at University of Nebraska facilities across three ecoregions (Chapman et al. 2001 (Catangui and Berg 2006) was used to minimize the confounding effect of European corn borer [Ostrinia nubilalis (Hü bner) ] in Clay Center and Concord. In Scottsbluff, due to absence of a European corn borer effect, the corn hybrid was non-Bt (2008, DKC51-45; 2009, Pioneer 35F37; and 2010, Mycogen 2R416) .
Based on these studies, EILs were calculated and expressed as larval density. Because western bean cutworm sampling is most effective in establishing the presence of egg masses (Paula-Moraes et al. 2011) , the ETs incorporated variable larval survival and were expressed as percentage of plants infested with egg masses.
Egg Survivorship and Developmental Time in Laboratory. Western bean cutworm egg developmental time and survival were evaluated at 16, 25, and 30ЊC. One-day-old egg masses were collected from oviposition cages, placed in cotton-lined petri dishes covered to maintain humidity, and incubated in growth chambers. There were three replications at each temperature. Temperatures were randomly assigned to growth chambers in a complete randomized design (total of nine chambers , the experimental design was a randomized complete block design (RCBD) with four replications. Each plot was six rows by 12 ft long, with 100 plants in total per plot. Treatment plots were infested with western bean cutworm egg masses at rates of 0, 1, 3, 5, or 10%. Infestations were artiÞcial, using western bean cutworm egg masses collected from commercial Þelds. A small square of vinyl screen was stapled loosely behind the egg mass forming a "sandwich" to keep the leaf from curling and dislodging egg masses. The leaf sandwich was stapled to the upper surface of a corn leaf above the primary ear. The infested plants were identiÞed by tying ßagging tape at the base of the plant. To minimize injury to the eggs, the number of eggs per egg mass was determined by photographing each egg mass and counting the eggs in the laboratory before plant infestation. The total number of eggs infested at Concord was 4,037, and at Clay Center was 3,927. At 2 wk after infestation, the sandwiches were removed from the Þeld and examined with microscopy to record the number of unhatched eggs. At Clay Center during 2011, western bean cutworm egg hatch was evaluated in two corn Þelds at different corn development stages: VT and silking (Ritchie et al. 1993) . In each corn Þeld, the infestation was one egg mass per plot, and plots were 15 ft long by four rows wide, with 25 plants per row (100 plants per plot). The infestation was artiÞcial but used naturally oviposited egg masses (Paula-Moraes 2012). Western bean cutworm moths were captured in cages positioned under UV light traps. One male and two female moths were conÞned on the top part of a corn plant with a mesh pollination bag (46 by 51 cm) (Delnet Pollination Bags, Delnet, Middletown, DE). Two days after infestation, the presence of egg masses was determined and thinned, when necessary, so only one egg mass was left per plant. The number of eggs in each egg mass was determined by photographing the egg masses for later counting. The few plants on which the western bean cutworm females did not lay egg masses were artiÞcially infested following the same egg mass sandwich method. The percentage of eggs hatching was calculated for each corn stage. Temperature data during egg incubation in Clay Center (21Ð28 July 2011) were obtained from the High Plains Region Climate Center (http://hprcc.unl.edu). Egg infestation methods (egg mass sandwich versus moths in pollination bags) were compared for silking and VT stages.
An overall mean number of eggs per egg mass was calculated based on the 714 egg mass pictures. These egg masses included those from conÞned moths inside pollination bags and large cages, but they were predominantly from commercial Þelds collected from several ecoregions in Nebraska and eastern Colorado during the 4 yr of study.
Larval Survivorship in Field. Evaluations were conducted at three locations across Nebraska: Northeast Research and Extension Center Haskell Agricultural Laboratory, South Central Agricultural Laboratory, and Panhandle Research and Extension Center. At Concord and Clay Center, the larval evaluation was conducted during 2008 Ð2010. A RCBD was used with four replications. Details are presented in Table 1 . Natural infestation of western bean cutworm in experimental plots was monitored. At Clay Center and Concord, plants were inspected for the presence of western bean cutworm egg masses before artiÞcial infestation. Natural infestation was extremely low during 2008 Ð2009 at both locations. At Scottsbluff, larval survival evaluation was conducted during 2008 and 2009. Natural infestation inspections were done after the large plot cages were installed in the experimental plots. Egg masses from natural infestation were eliminated from all experimental plots.
In 2008, larval survival at Clay Center and Concord was evaluated in the same experimental plots where the egg hatch was evaluated. Approximately 20 d after western bean cutworm egg infestation, the number of the larvae was estimated based on the evaluation of 30 randomly selected plants per plot (Table 1 ). In 2009 (Clay Center and Concord), larval survival was evaluated following the same methodology of 2008. The plots were infested by using the egg mass sandwich method at rates of 0, 1, 3, 5, and 10% (Table 1) .
In 2010, larval survival was evaluated in Clay Center and Concord Ϸ20 d after western bean cutworm egg mass infestation. Infestations were done using the pollination bag or sandwich method described earlier at rates of 0, 1, 3, 5, 7, and 10%. At Concord, three additional plots per block were infested for use in larval sampling. Two additional plots were infested at the 3% egg mass level. One plot was infested using egg mass sandwich method, whereas the other was infested with wild moths conÞned in pollination bags. One additional plot was infested at the 10% level by using the pollination bag method. Larval survival was evaluated at Concord in the three extra plots per block, and all 100 plants per plot were inspected for the presence of western bean cutworm larvae. At Clay Center, larval survival was determined in all plots, inspecting 50 plants per plot, and the number of larvae per plot was estimated based on this sample (Table 1) .
During the 2 yr of the study at Scottsbluff, the artiÞcial infestation was done by placing a 1.83 by 1.83 by 2.45-m cage over a central part of the plot and introducing moths for oviposition. A variable number of moths was introduced into each cage based on the target egg mass infestation level, and later egg mass density was determined. Egg masses were thinned, if necessary. One extra plot was artiÞcially infested at 3% by using the sandwich method. Twenty days after infestation, the number of western bean cutworm larvae was evaluated on 30 randomly selected plants in each plot (Table 1 ).
The number of recovered larvae was correlated with the number of infested eggs, and percentage of larval survival was calculated. The effect of method of infestation (egg mass sandwich vs wild moths in big cages) for larval survival was tested at Scottsbluff by using analysis of variance (ANOVA) (2008 and 2009 data) 
(PROC GLIMMIX, SAS Institute 2009).
Larval Corn Consumption and Yield Impact in Field. Larval consumption and the relationship among western bean cutworm infestation, corn ear injury, and yield was characterized at the same three locations and experimental plots described previously. From 2008 to 2010 (Table 1) , at harvest, the amount of injury (square centimeters of grain surface with western bean cutworm injury per ear) was measured using a transparent plastic sheet with grid lines. Total injury was measured considering tip and side ear in- jury. The grain yield and moisture also were determined. The number of corn ears evaluated varied each year (Table 1) (Table 1) . For all locations and years of study, the total weight of the grain was determined in each plot, corrected to 15.5% moisture content, and data were converted to a per ear basis.
In 2011, at Concord and Clay Center, direct corn ear infestation was done with fourth instar larva (the instar that larva enters the ear). Larvae were reared on a meridic diet speciÞcally developed for western bean cutworm and obtained from the USDAÐARS, Corn Insects and Crop Genetics Research Unit, Iowa State University, Ames, IA. The study was conducted in two Þelds at each location infested on the same date. At each location, one Þeld was infested when the corn was at blister stage, and the other Þeld infested when the corn was at milk stage (Ritchie et al. 1993 ). The experimental area in each Þeld was eight rows by 70 m. Four treatments (zero, one, two, or three larvae per ear) were used in a RCBD, with 20 replications. Each plot was one row by 3.5 m, and within each plot two plants (ears) were randomly selected and infested.
The larvae were conÞned to the corn ear with mesh pollination bags (25 by 30 cm). Inspection for larval survival was done approximately 1 mo after larval infestation. The presence of the western bean cutworm prepupa and injury were examined to conÞrm the level of infestation per ear. At harvest, corn ears were hand harvested, the injury area was measured, ear grain was shelled and weighed, and moisture was corrected to 15.5%. Generalized linear mixed model procedures were used to determine the linear relationship between injury area and number of western bean cutworm larvae. The additional random effects were used to inform that experimental unit was two plants infested with the same number of larvae. The linear relationship between corn grain and number of larvae (PROC GLIMMIX, SAS Institute 2009) also was determined. For the 2011 data, the correlation between observed value and predicted value of ear weight was calculated (PROC CORR, SAS Institute 2009). An overall mean of larval injury area also was calculated (PROC GLIMMIX, SAS Institute 2009).
Larval Corn Consumption in Laboratory. Western bean cutworm larval consumption also was evaluated in the laboratory at the Northeast Research and Extension Center Haskell Agricultural Laboratory. The experiment was performed in 2009 and 2011 with blister and milk stage corn at the time of infestation. Injury area (square centimeters of grain surface) caused from the beginning of fourth instar to end of Þfth instar was recorded.
In 2009, the study was conducted as a RCBD, with three replications (replication by growth chamber) set at 25ЊC. Five small circular containers (10-cm diameter and 4-cm height) per corn stage (blister and milk) were placed in each growth chamber, each container with one half a corn ear without the husk. The corn ear was placed on a layer of sand (Paula-Moraes, 2012 ). Another methodology was tested using a larger circular container (30-cm diameter and 7.6-cm height) that received a whole corn ear in milk stage (Paula-Moraes, 2012) . Western bean cutworm larvae were reared on corn pollen and silk, and one larva was placed on the ear at the beginning of the fourth instar. After Ϸ20 d, the injury area was measured in square centimeters of grain consumed per corn ear. In 2011, the study was similarly conducted, except each growth chamber received 10 large circular containers with one ear at blister stage. After 20 d, the injury area was measured.
The mean injury area was calculated for each corn stage (2009 and 2011) and the effect of corn stage on area injured was compared (2009). The methods were compared using ANOVA (PROC GLIMMIX, SAS Institute 2009).
EILs and Thresholds. EILs and economic thresholds were calculated based on the results from experiments described previously. The EIL was calculated with the formula injury (Pedigo et al. 1986, Pedigo and Rice 2009) :
where C is cost of management per area (e.g., US$/ ha), V is market value per unit of produce (e.g., US$/ ha), ID is yield loss per insect (weight of grain loss in kilograms per western bean cutworm larvae), and K is proportionate reduction in potential.
The cost of management was calculated based on the total expense of chemical control of western bean cutworm (Klein and Wilson 2012) and included the range of control cost variation considering aerial application, ground application, and insecticide expense.
The crop value of corn was calculated based on the price and yield. The price was related to corn grain Ð monthly average of the price received as measured in US$/bu by the states of Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, Missouri, and Nebraska (USDA, http://quickstats.nass.usda.gov/, 2012). The period was from January 2000 to December 2011. These nominal prices were converted to real prices using PPI-PRODUCER PRICE INDEX (Federal Reserve Economic Data, base December 2011) and reßect scenarios of low, medium and high corn price. The crop value range was calculated by multiplying the selected higher, lower, and real average of corn prices times the average yield. The yield refers to an average yield of 13,629.26 kg/ha (Klein and Wilson 2012) . The yield was calculated based on a conversion of 220 bu/acre and on having 30,000 plants per acre (74,100 plants per ha).
The yield loss/insect (DI) was obtained from the relationship between corn yield and the number of western bean cutworm larvae (Bode and Calvin 1990, Pedigo and Rice 2009 ) considering the linear regression equations from 2011 (see Table 5 ). The worstcase scenario of yield loss was selected and used for EIL calculations to reduce farmer risk. The calculation of grain reduction (grams) per corn ear was based on one larva per plant and was converted to kilograms. The K was set at 95% and represents the expected proportion of the population of western bean cutworm larvae killed by chemical control (Peairs et al. 2011) .
The ET was calculated as an operational level for management decision making. The mean numbers of eggs per egg mass and larval survival were incorporated in the ET calculations (Ostlie and Pedigo 1987, Wright 2007 ) (see Table 3 ). The ET was expressed as percentage of infested plants with at least one egg mass (Paula-Moraes et al. 2011) and calculated using the mean number of eggs per egg mass determined previously.
Results
Egg Survivorship and Developmental Time in Laboratory and Field. In the laboratory, the time of western bean cutworm egg development decreased with the increase of temperature (P ϭ 0.001) (Fig. 1) . Egg hatch was 87.96% at 16ЊC, 93.36% at 25ЊC, and 51.31% at 30ЊC (Fig. 1) , and the overall mean egg hatch was 77% (Table 2) .
At Concord (2008) , under Þeld conditions, the egg hatch mean was 86.6% (Table 2) . During the period of the study, the lowest mean temperature mean was 19.5ЊC, and the highest mean temperature mean was 30.7ЊC. At Clay Center, the mean egg hatch was 78% (2008) and 77% (2011) ( Table 2 ). The highest and lowest mean temperatures at Clay Center in 2008 were 30.9 and 19.56ЊC, respectively, and in 2011 the highest and lowest mean temperatures were 32.3 and 20.2ЊC, respectively.
Based on 714 egg masses used in this and other studies described previously, the overall mean number of eggs per egg mass was 85.5 eggs (range, 2Ð345). The comparison between the egg mass sandwich infestation method and wild moths conÞned in pollination bags at Clay Center (2011) did not indicate signiÞcant differences in egg hatch for either silking (P ϭ 0.83) or VT (P ϭ 0.54) stages. The overall mean egg hatch was 80% (Table 2) .
Larval Survivorship in Field. The percentage of western bean cutworm larval survival (Ϸ20 d after egg infestation), based on total number of infested eggs, is presented for each year and location in Table 3 . For 2009 and 2010, percentage of larval survival was calculated based on the total number of eggs infested. In 2008, the percentage of larval survival at Clay Center and Concord was calculated on the number considering the number of eggs hatched (Table 3 ). There was no signiÞcant effect of method of infestation (sandwich vs wild moths in large cages) in larval survival at Scottsbluff (P ϭ 0.19).
Larval Consumption in Corn Field and Yield Impact in Field. The relationship between corn ear injury area (square centimeters) and level of western ) (P Յ 0.03). In other years and locations, there was a signiÞcant relationship between the number of the western bean cutworm number larvae and corn ear injury (Table 4) ; however, no relationship was detected between levels of western bean cutworm larvae with subsequent corn yield loss. This Þnding was presumably because of experimental problems (e.g., bird predation, Scottsbluff 2009; hail damage, Concord 2009) but also because of a general low larval survival across locations per year, resulting in low actual infestation levels.
In 2011, the direct infestation of corn with fourthinstar western bean cutworm eliminated the problems of early instar mortality (Table 3) . There was a signiÞcant linear relationship between larval infestation and yield loss when corn was infested in blister and milk stages at Clay Center and when infested in blister stage at Concord (Table 5 ). In a generalized linear mixed model, the R 2 is undeÞned; therefore, the correlation between the observed and predicted values of corn ear weight was calculated for each data set (Fig.  2) Larval Consumption in Laboratory. In 2009, differences in injury area from western bean cutworm larvae were not detected (P ϭ 0.30) when the corn ear was infested in blister or milk stage (small container method). The observed injury means were 13.25 cm 2 (1.60 SEM) and 11.10 cm 2 (1.10 SEM) when the corn ear was in blister and milk stage, respectively. There were no signiÞcant differences between injury of milk stage corn ear in the small container and big container (P ϭ 0.09), and the mean of injury area for the whole corn ear (large container method) was 15.13 cm 2 (0.98 SEM). In 2011, the mean injury area with the whole corn ear infested in blister stage (large container method) was 16.87 cm 2 (1.41 SEM). EILs and ETs. Based on each statistically signiÞcant regression equation (Table 5) , the yield losses per one western bean cutworm larva in Clay Center (2011) were 9.21 and 12.83 g per corn ear when the corn was infested in blister and milk stages, respectively (Table  5 ). In Concord (2011), the yield loss per one larva was 9.64 g when corn was infested with fourth-instar larvae in blister stage. The criterion of selection of slope for EIL calculation was based on the worst-case scenario of yield loss per insect, i.e., Clay Center corn infested in milk stage (Table 5 ). The correlation between observed and predicted values from each linear regression is presented in Fig. 2. A range of crop values and management costs were used to calculate EILs. EILs are expressed in number of western bean cutworm larvae per ear, and are presented in Table 6 . EILs presented were calculated based on an insecticide application that gives 95% control (Peairs et al. 2011 The ETs were developed from EILs, expressed as the percentage of infested plants with at least one egg mass ( Table 7 ). The ET was calculated based on the mean of 85 eggs per egg mass and again considering a plant population of 74,100 plants per ha (30,000 plants per acre). Larval survival was incorporated in the ET calculation considering the range of larval survival observed during 3 yr across ecoregions of Nebraska (Table 3) and reports from consultants working in northeast Colorado, western Nebraska, and states east of the Missouri River.
Discussion
The study of western bean cutworm egg survivorship in the laboratory indicated that increasing tem- a Weight of grain in grams. Regression based on levels of western bean cutworm larval infestation: zero, one, two, and three.
Fig. 2.
Relationship between the number of western bean cutworm larvae and weight of grain (grams). Observed grain weight per ear from Clay Center (A and B), infested at blister and milk stages, and Concord (C), infested at blister stage, 2011. Predicted values from linear regressions (also see Table 5 ). As a check of the model Þt, the correlations between predicted and observed values also are presented.
perature decreases the time of the egg development. However, at 30ЊC there is a signiÞcant decrease in egg hatch (Fig. 1) . The pattern of high heat negatively affecting egg hatch was not observed in the Þeld study when egg hatch was evaluated in 2008 and 2011. The average temperatures during the summers of 2009 and 2011 surpassed 30ЊC during some parts of the day. However, this temperature was not constant all day, and it was probably variable in different parts of the plant canopy (Schoonkoven et al. 2005) . The water vapor diffusion in the transpiration process on the corn leaf surface, in addition to leaf rotation with consequent decreasing of sun exposure, probably created a more favorable microclimate for the eggs (Smith 1954 , Mani 1968 ). All of these factors probably contributed to decreased temperatures surrounding western bean cutworm eggs and consequently higher egg survival in the cornÞeld.
European corn borer egg mortality increased with high temperature in association with moisture stress (81%) (Showers et al. 1978) . However, the survivorship of European corn borer larvae was independent of oviposition and related to available feeding sites on host plant. In the current study, egg mortality was not found to be a critical factor in survival and establishment of the western bean cutworm on the host plant, 10  15  20  25  30  35  40  4% larval survival  3  660  1,630  15  22  29  37  44  51  58  4  880  2,174  11  16  22  27  33  38  44  5  1,100  2,717  9  13  18  22  26  31  35  6  1,320  3,260  7  11  15  18  22  26  29 and egg hatch was Ϸ80% across ecoregions of Nebraska. Western bean cutworm infestation methods were tested in 2008 and 2009 in Scottsbluff. Larval recovery was compared between plots infested with large cages and plots that received egg mass sandwiches (both at the same 3% of level of infestation) (Table 1) . At Clay Center in 2011, the infestation by deposition of the eggs from wild moths conÞned in pollination bags was compared with the egg mass sandwich method (Table 1 ). There were no signiÞcant differences observed in any comparison, so it can be concluded the artiÞcial infestation methods used did not affect the results.
Western bean cutworm larval survival was evaluated in the Þeld during 3 yr across three ecoregions of Nebraska (Table 3 ) and incorporated in the Þnal ET calculations ( Table 7) . The results indicated variability of larval survival across locations and years (Table  3) . However, the very low larval survival observed (1.51%) in Concord (2009) was not included in ET calculations because it was not representative. The higher larval survival of western bean cutworm observed at Scottsbluff in 2008 (12%) ( Table 3) was possibly related with the method of infestation. The large cages remained Ϸ2 wk in the Þeld which may have moderated the environmental conditions and provided protection against biocontrol agents. A 20% larval survival rate also was incorporated as an upper limit of larval survival and was based on anecdotal reports by consultants and entomologists of high larval survival in northeastern Colorado, Nebraska, and east of the Missouri River. In the central and eastern Corn Belt, higher humidity and overcast conditions could favor increased western bean cutworm larval survival.
Variable low larval survival was previously reported in the laboratory (Blickenstaff and Jolley 1982) when fresh corn tissue was used to rear larvae for 24 d, with survival ranging from 19 to 40%. Under Þeld cage conditions, larval survival was estimated at 3.3% in Perkins County, NE (southwestern Nebraska) (Appel et al. 1993) , although variation in larval survival also was detected at the same location. In an Iowa study investigating ear damage from western bean cutworm in transgenic corn hybrids, larval survival was estimated at 13% on susceptible hybrids and 1.3% in a corn hybrid expressing Bt protein Cry1 F (Herculex I, Dow AgroSciences, Indianapolis, IN and Pioneer Hi-Bred International, Johnston, IA) (Eichenseer et al. 2008) .
Larval mortality of Lepidoptera is reported to be high, especially in early instars (Zalucki et al. 2002) . However, the range of mortality also is reported to be quite variable, depending on the species. For example, larval survival of European corn borer ranges from Ϸ15 to Ϸ40% (Lee 1988) for second generation larvae (Wright 2007) . Paula-Moraes (2012) demonstrated that the early larval stages are the most critical for the establishment of western bean cutworm on corn.
Oviposition and larval feeding behaviors are factors that can result in higher larval mortality (Zalucki et al. 2002) . For western bean cutworm, oviposition is characterized by deposition of high numbers of small size eggs (average of 85 eggs per egg mass). This is an example of an "r strategy," characterized by a low expectation of survival for individuals of the species but with an investment that at least some will survive (MacArthur and Wilson 1967) . Although mortality during the egg stage is not the most important survival factor for western bean cutworm (Table 2) , the small size of the egg with few provisions represents a constraint in the establishment of the early larva, as it needs to quickly Þnd a suitable feeding niche before starvation, desiccation, or predation. Moreover, the western bean cutworm larva has a mixed diet, feeding on different corn tissues (Hagen 1962 , Seymour et al. 2004 , Eichenseer et al. 2008 . This mixed larval feeding behavior requires movement and exposure within the environment of the corn canopy that probably contributes to a higher level of larval mortality (Zalucki et al. 2002) . Mortality of western bean cutworm is likely greatest before the larva becomes protected inside the ear at the beginning of the fourth instar (Seymour et al. 2004) .
Corn stage probably plays a role in the establishment of western bean cutworm (pretassel stages providing the best nutrition and protection for early instars) (Paula-Moraes 2012), and this is probably why females select for a speciÞc plant stage for oviposition (Blickenstaff 1979 , Holtzer 1983 , Eichenseer et al. 2008 . However, in 2010 the infestation at Clay Center and Concord occurred near V18 (pretassel), and in Scottsbluff (2008) the infestation also occurred near V18. In both cases the overall larval survival was low (Ϸ4% in the east and 12% in the west). Given that the pretassel stage should be ideal for early instar nutrition and protection, the low survival often observed indicates that factors other than plant stage must be important for larval survival. We believe the early instar movement that results from a mixed feeding behavior in addition to possible abiotic factors have signiÞcant impacts on larval survival (Paula-Moraes 2012) . This also may be the reason survival is often greater in cage studies, as larvae exist in a buffered environment and are protected from predators, although this needs to be more fully investigated (Michel et al. 2010) .
During the 3 yr of egg mass infestation (Table 1) , signiÞcant linear relationships between the number of the western bean cutworm larva and ear injury (Table  4) were detected. However, the infestation levels (Table 1) combined with the low larval survival (Table 2) , resulted in larval population levels that were too low to detect a yield loss in experimental areas at Clay Center and Concord (eastern locations in Nebraska). Previous studies had the same problem (Appel 1991) and emphasized the need to improve the methodology of infestation and to determine egg and larval survival under Þeld conditions. Egg and larval survival were characterized in the current study (Tables 2 and 3) based on several attempts to improve the Þeld methodology (Table 1) , but survival was consistently low, which we believe to be a characteristic of the species.
Usable data related to actual corn yield loss per insect under Þeld conditions at Clay Center and Concord that were only obtained when corn ears were directly infested in 2011 with fourth-instar larvae, eliminated early instar mortality factors.
Another complexity in describing the relationship between larval ear injury and yield loss is the type of injury caused by western bean cutworm. This insect causes direct injury (Pedigo et al. 1986 ) to the corn ear, predominantly with ear tip feeding. Indirect estimation of yield loss has been done by weighing a corresponding number of the kernels injured (Appel 1991 , Dorhout 2007 , Eichenseer et al. 2008 , but this does not account for indirect effects of development of uninjured ear kernels.
Reports of western bean cutworm damage are quite variable in the literature, and also in this research, where yield loss per larvae varied from 9.21 to 12.83 g per larva (Table 5 ). There are anecdotal reports of late-instar movement in and out of the ear, possibly inßuenced by environment, but this is not well documented. This movement, coupled with feeding on different corn tissues, likely contributes to the observed variability. Regardless, because of this variability, the EIL calculations were based on the worst-case scenario of yield loss per larva (12.83 g per insect) (Table 5 ).
In the current study, corn injury from one western bean cutworm larva was measured (square centimeters) in the laboratory and in the Þeld. ). However, the yield loss used for EIL calculation was based on the linear relationship between weight of corn yield loss of the ear (kilograms per ear) in four levels of larval infestation (zero, one, two, and three larvae per ear) in 2011. This decision was based on the difÞculty in obtaining an accurate estimating of the amount of injured kernels in the ear tip, and how much these injured kernels contribute to the yield.
The overall mean yield loss per western bean cutworm larva observed from the 2011 study is 936.62 kg/ha (14.93 bu/acre), based on 74,100 plants per ha. This is different than previously reported yield loss, others of which were estimated by indirect methods (e.g., Appel et al. 1993) . However, because this study used the yield loss regression that considered the actual larval injury and resultant yield loss, the problems associated with estimation of the number of injured kernels in the ear tip were minimized.
The ET calculations incorporated the average number of the eggs per egg mass and larval survival (Table  7 ). An average of 85 eggs per egg mass estimated in this study was higher than 64 eggs per egg mass reported previously (Blickenstaff 1979) ; however, the average number of eggs estimated in this study was based on 714 egg masses collected over 4 yr.
The incorporation of larval survival represents a reÞnement of the ET (Higley and Peterson 2009 ).
First, it allows savings in management because it accounts for the actual population of the injurious life stage of the species and the effect of mortality factors (Ostlie and Pedigo 1987) . Second, using the percentage of plants infested with at least one egg mass allows for the timely implementation of management tactics (Bode and Calvin 1990 , Appel et al. 1993 , Wright 2007 , Michel et al. 2010 , Paula-Moraes et al. 2011 .
The nominal action thresholds previously proposed for western bean cutworm on corn (4, 8, and 20% of plants infested with an egg mass) (Seymour et al. 2004 , Peairs 2006 , Rice 2007 , Cullen and Jyuotika 2008 are encompassed by the calculated ETs in several scenarios that include larval survival ( Table 7 ). The action threshold of 20% of plants infested with an egg mass is least represented in the various scenarios; however, this threshold was suggested when corn prices were low (e.g., ϽUS$2.50/bu) and was recommended when egg masses were present during mid-milk stage corn (Rice 2007 ), a relatively rare occurrence because western bean cutworm moths prefer late whorlÐstage corn for oviposition (Hagen 1962 , Blickenstaff 1979 , Holtzer 1983 , Seymour et al. 2004 , Eichenseer et al. 2008 . The action thresholds of 4 and 8% of plants infested with an egg mass are well represented across scenarios, except for the 4% survival scenario. However, larval survival is often reported as Ͼ4% (e.g., Table 3 ; Eichenseer et al. 2008) , so there is a risk of making the decision to not treat when treatment is warranted when using economic thresholds based on 4% larval survival. Nominal action thresholds are set to reduce this risk, and indeed, we would suggest that unless larval survival is well understood for a speciÞc situation, economic thresholds based on larval survival of Ͼ4% should be used.
More local information about larval survival and late-instar behavior will enable further adjustments to ETs for western bean cutworm (Michel et al. 2010 ) across the Corn Belt. Characterization of larval survival and feeding behavior also will be important when considering Bt corn hybrids expressing Bt toxins toxic to western bean cutworm, but with incomplete control that may require additional management, as observed for cotton bollworm (Naranjo et al. 2008) .
